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ABSTRACT
Soil Fertility Status and Degradation of 2,4,6-Trinitrotoluene Contaminated Soils
Chelsea K. Katseanes
Department of Plant and Wildlife Sciences, BYU
Master of Science
Current models for predicting the environmental fate of munitions constituents (MC) in
soils are based mostly on chemical distribution parameters and neglect the larger
considerations of other soil parameters. We are working towards a new approach based
on the whole soil activity for predicting the long-term residence time and fate of MC in
soils with connection to agronomic soil fertility concepts.
These relationships are demonstrated by correlating experiments involving full physical
and chemical characterization of eight taxonomically distinct soils, with batch reactor
studies determining MC degradation potential. Soils were incubated in a slurry for 10
days in a closed reactor system with temperature, pH, and Eh readings recorded every 24
h. Air and slurry samples were taken eight times within the 168 h incubation period.
Carbon dioxide, TNT, and nutrient solution concentrations were assessed to obtain a full
picture of soil chemistry changes associated with microbial activity in response to
additions of TNT.
Multivariate analysis was used to determine the main factors impacting degradation rate.
Principle Components Analysis (PCA) statistically classified the soils based on the
variance of their soil property data. Partial Least Squares Analysis (PLS) showed that
TNT degradation was possibly correlated with soil fertility characteristics. Although this
is an exploratory study, results show promise in moving towards a more effective way of
predicting TNT environmental fate in soils.

Keywords: 2,4,6-trinitrotoluene, explosives, biodegradation, soil contaminants,
environmental quality, explosives, munition constituents, soil fertility, microbial activity
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INTRODUCTION

The manufacture, handling, and disposal of explosives can lead to contamination of the
environment (1). The nitroaromatic molecule 2,4,6-trinitrotoluene (TNT) is one of the most
common munitions constituents (MC) used by the Department of Defense (DoD). Elevated
concentrations of this organic compound are known to be toxic to mammals, algae, invertebrates,
and fish (2,3,4,5,3). TNT exposures are also linked to haptic and ocular disorders, anemia,
dermatitis, and gastrointestinal distress. TNT is listed as a class C potential human carcinogen by
the EPA (6,7). Lachance et al. (8) also found TNT to be mutagenic in the Salmonella fluctuation
test.

As of 2011, there are 3,091 active defense installations and 767 Formerly Used Defense Sites
(FUDS) prioritized for cleanup. In 2011, DoD invested over $1.5 billion in the cleanup of active
installations and FUDS. As the program progresses, more easily restored projects have been
completed. Consequently, current and future sites are characterized with high complexity and
risk, amplifying the importance of efficient and cost-effective cleanup strategies (9).

Despite the known importance of biotic and abiotic degradation in determining TNT fate in the
soil, most predictions of the environmental fate of dissolved TNT in the vadose zone are focused
on sorption and are typically obtained through combining water physical modeling and
empirically determined partitioning coefficients, KD, which describes the equilibrium of solutes
between the water and solid (sorption) phases. These values describing TNT sorption can be
highly variable depending on soil parameters. Determined KD values for the sorption of TNT to
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soils range from 2.3 to 11 L kg-1 depending on environmental conditions and soil parameters
including quantity and mineralogy of clay and quantity of organic matter (OM; (10). As
mentioned previously, exchangeable cations also have a large influence on sorption, with KD
values ranging from 1.7 L kg-1 for clays with a dominant cation of Al, Ca, Mg, or Na to 21,500 L
kg-1 for clays with K or NH4 as the dominant cation (11). The high variance in KD values results
in significant error in the determination of TNT fate in soils.

Despite the extensive research that has been conducted regarding TNT degradation and its
potential to be used as a remediation technique, incineration remains the most effective and most
common method (12,13). Although laboratory experiments have isolated microorganisms
capable of degrading TNT, it remains difficult to directly connect the activities of these soil
microorganisms to influences of environmental factors (14). We are still unable to exploit the
potential degradative capabilities of microorganisms, as no in-situ microbial mineralizationbased technologies exist (15).

Justus von Liebig’s (1803–1873) Law of the Minimum provides an important foundational
theory for connecting nutrient deficiencies to limits in optimal agricultural crop production (16).
Liebig’s law states that maximum plant growth is not determined necessarily by the
concentration of all resources (such as nutrients, water, etc), but by the most limiting of these
resources. When investigating plant growth deficiencies, scientists and practitioners seek to find
this limiting resource, such as water or nutrient availability, pH, excess salt concentration, OM,
etc. This overall analysis gives a broad perspective in order to properly diagnose the cause of
decreased growth.
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Applying this approach to the microbial degradation of MC, one would expect that there are
threshold concentrations of nutrients and other soil properties that may distinguish MCdegrading from non-degrading soils and, thus, directly impact soil microbial activity.
Considering incidental degradation of organic contaminants by soil microorganisms in terms of
Liebig’s law (similar to a crop) introduces the possibility that latent nutrient deficiencies in soils
could result in less than optimal conditions for maximum microbial activity. This theory has
been investigated with major soil components such as water, C, N, and P (17,18,19).
Combinations of multiple nutrient deficiencies are also possible, for example both C and N could
be limiting factors affecting microbial activity in the same soil (20). This idea has been
considered in TNT degradation, but has not been fully explored—with water, N, and C
availability being the most studied. This approach could shed new light on understanding how
soil fertility drives microbial degradation and potentially TNT residence time in soils.

Studies have considered various possible factors influencing degradation rate, such as the effect
of C additions. As mentioned before, degradation could be nothing more than incidental, with
degradation resulting from general microbial activity or specifically enhanced, with degradation
resulting from direct targeting and consumption of TNT. Fahrenfeld et al. (14) found that
increased TNT degradation occurred with additions of lactate and ethanol as supplemental C
sources. Boopathy (21) compared TNT degradation rates between soils treated with two different
additions of C, namely, molasses and Tween 80 surfactant—finding that these C containing
molecules stimulated microbial metabolism of TNT. Both of these conclusions imply that
degradation was incidental and resulted from co-metabolic processes.
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Studies also showed that addition of N, which was expected to enhance TNT degradation,
actually reduced and delayed it (22). Potentially, TNT degradation could be more correlated to C
availability than N. It also is possible that there is a positive relationship with C availability and
an inverse relationship with N availability, as the TNT compound contains N. When present,
easily degradable N sources could preclude TNT degradation, as there would be no need for
microorganisms to break down the more recalcitrant TNT molecule.

Investigating the environmental fate of MC from the perspective of agronomic soil fertility could
potentially aid in better determining the principal limiting factors controlling the environmental
persistence of MC. The main purpose of this study was to investigate our hypothesis that soil
fertility relationships could be used as predictors of TNT degradation kinetics in soil.
Furthermore, we investigated the potential to correlate soil fertility influence on MC degradation
kinetics across taxonomically distinct soil orders, in order to establish the theoretical feasibility
for interpolating MC persistence for untested sites. A more detailed introduction can be found in
section A1 of the Appendix.

MATERIALS AND METHODS

Soil Selection and Collection. Seven soils were collected from various locations in the United
States with the intention of obtaining a range of soil types and their corresponding inherent
fertility characteristics (See Figure A1 in Appendix). The Catlin soil (Fine-silty, mixed,
superactive, mesic, Oxyaquic Argiudolls) was collected from Champaign, Il; the Falaya soil
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(Coarse-silty, mixed, active, thermic, Aeric Fluvaquents) was collected near Vicksburg, MS; the
Playas-Saltair soil (Fine-silty, mixed, mesic Typic Salorthids) was collected at the Bonneville
Salt Flats in Tooele County, UT; the Ruston soil (Fine-loamy, siliceous, semiactive, thermic
Typic Paleudults) was collected from Ft. Polk, LA; the Skumpah soil (Mixed, mesic Typic,
Torripsamments) was collected near the Bonneville Salt Flats in Tooele County, UT; the
Smithdale soil (Fine-loamy, siliceous, subactive, thermic Typic Hapludults) was collected from
Camp Shelby, MS; and the Sunev soil (Fine-loamy, carbonatic, thermic Udic Calciustolls) was
collected at Cameron, TX.

Selection was based on taxonomic classification—which encompasses climatic, environmental,
physical, and chemical characteristics. Prior to collection, the soils were not exposed to MC, yet
many were collected from areas adjacent to military training sites and taxonomically similar.
Surface soil samples were taken to a depth of from 20 to 60 cm. The soil was air-dried, flail
ground, and sieved to pass through a 2-mm sieve and stored at room temperature. All soils were
collected within one calendar year of use.

Soil Characterization. The soils were tested to thoroughly characterize fertility status using the
methods outlined in Table 1. Relationships among parameters and soils were analyzed using
PCA (23). PCA is a statistical technique where common trends in the variance of the x-data are
correlated to each other orthogonally. These correlations are designed to reduce the
dimensionality of large, multi-variable datasets, to a small subset of orthogonal macroparameters called principal components (PC). The advantage of this technique is that it
elucidates latent structure in the data that may not be readily apparent by essentially separating
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the “signal” from the background “noise”. Furthermore, this analysis allows us to statistically
classify the different soil samples using the full spectrum of chemical and physical information.
We subjected the data to preprocessing steps designed to further reduce noise in the data
variance such as square-root transforms and auto-scaling (normalized by mean-centering). The
optimal number of principal components was determined by full cross-validation technique to
avoid over-fitting the data.

We assumed TNT degradation occurred incidentally, corresponding positively with overall
microbial activity. Therefore, we based our comparisons of TNT degradation potential
predictions on overall soil fertility measurements. Using this logic, soils that were considered
more fertile were also expected to have higher TNT degradation rates, and thus, lower MC
persistence.

TNT Degradation Experiments. Batch incubations were conducted using soil suspensions in
airtight reactors created from 2.8 L Fernbach flasks following the procedure of Chappell et al.
(24). Each flask was equipped with a rubber stopper modified to include a septum, Eh, pH,
temperature probes, and a sampling tube (See Figure A2 in Appendix).

Soil was added in a 1:10 soil-to-water ratio using double-deionized water. The background
electrolyte was set by the equilibrium concentration of salts released from the suspended soils.
Reactors were covered with aluminum foil prior to adding TNT to prevent photodegradation.
Solutions were equilibrated for three days before adding a spike solution of 1.3 mL of 40 mg
TNT mL-1 acetone to reach an overall initial concentration of 20 mg TNT L-1 in the reactor.
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Background levels of Eh, pH, temperature, and CO2 were measured before spiking the systems
with TNT. The reactors were maintained in a closed system but opened daily for 10 min to aerate
and prevent anaerobic conditions. The Fernbach flasks were placed in a water bath with an
automatic cooling system to maintain temperature. Sediments were kept in suspension with a
magnetic stirrer. Solution and gas samples were taken 1, 10, 24, 48, 96, 120, and 168 h after the
addition of TNT. Eh, pH, and temperature were continuously monitored and recorded at sampling
times and every 24 h post-spiking.

Gas, liquid, and soil sediment were each sampled for analysis. Gas samples taken immediately
before solution sampling were measured for CO2 concentrations using a Shimadzu TOC-V
carbon analyzer (Shimadzu Instruments, Inc., Columbia, MD, USA). Collected suspension
samples were filtered through 0.45 µm filters to separate solids from liquids. Liquids were tested
for TNT via an HP1100 Series LC/MSD system high-pressure liquid chromatography (HPLC;
Hewlett Packard Company, Palo Alto, CA, USA). Total organic C (TOC) was measured by a
total organic C V-series standalone high-sensitivity model (Shimadzu Scientific Instruments,
Columbia, MD, USA). Nitrite was determined by the Griess Assay (25) and NH3 was determined
by the indolphenol method (26,27,28,27) and measured on a Fisher Scientific Multiskan FC
Microplate Reader (Fisher Scientific, Itasca, IL, USA). Nitrate was determined by Cd reduction
on a Lachat flow injection analyzer (Lachat Instruments, Loveland, CO, USA; (29,30). Chloride
was determined by ion chromatography (Dionex ICS 2100, Thermo Scientific Inc., Sunnyvale,
CA, USA; (31)). Analysis was done by ICP OES (ICP-OES 7300, Perkin Elmer, Waltham, MA,
USA.) to determine concentrations of Ca, Cd, Cu, Fe, K, Mg, Mn, Na, P, S, Zn, As, Ba, Co, Cr,
Mo, Ni, Pb, Se, Si, Sr, Ti, and V.
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Data Modeling. Kinetic data for TNT disappearance was modeled by least-squares fit with firstorder rate law. Overall rate (Ro) was calculated and is defined by the degradation occurring over
the duration of the entire study. The disappearance of the initial 20 mg L-1 added TNT was
followed in different soil suspensions with time and modeled using:

TNT (t) = TNTasym + TNT0 exp (-Ro t)

(1)

where TNT (t) = concentration TNT at each time point, TNTasym = asymptote of the modeled
line, TNT0 = modeled original TNT concentration (at t = 0), and Ro = the first order rate constant
describing TNT disappearance. For this work, the kinetic data were not normalized in order to
quantitatively compare the absolute values of the disappearance rates among the different soils.

Correlations between soil fertility characterization data and kinetic parameters describing TNT
were explored using multivariate Partial Least Squares (PLS) regression (23). In PLS, both xand y-data are decomposed, yet the independent (x) data is decomposed as guided by the
dependent or response (y) data. Similar to PCA, the optimum number of factors was determined
using full cross-validation to avoid over-fitting the data. Important or statistical significant xvariables within the factors were determined using a Martens t-test.

RESULTS

Soil Fertility Assessments. As previously mentioned, soils were thoroughly evaluated, and
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selected properties were used to rank their relative degree of fertility (See Tables A1-A3 in
Appendix for values of all measured parameters). For our purposes, we considered the values of
soil CEC, OM, and N as the main indicators for soil fertility. Further information on soil nutrient
relationships can be found in section A2 of the Appendix.

Relationships among the soil fertility characterizations and the soils were investigated using
PCA. An advantage of this technique arises from its ability to decompose the multivariable
fertility data into statistically important groupings, representative of the individual soils. Five
PCs were determined to be significant, with 72% of the data variance explained with the first two
PCs (See Figure A3 of Appendix). Spatial groupings or clusters in the loading plot (Figure 1a)
show important variables that are associated with each other. The loading plot showed that the
variables pH, CaCO3, Ca-P, B, Ca, K, and Mg were directly related to each other and highly
loaded in PC1. Inverse relationships were apparent between Fe and Mn variables also highly
loaded in PC1. These relationships among variables are sensible for the infertile saline-sodic
Playas-Saltair and Skumpah soils, which were also highly loaded in PC1 (as demonstrated from
the score plot, Figure 1b). Note the corresponding spatial positions of the saline-sodic soils in the
score plot relative to the loading plot. Variables highly loaded in PC2 (such as N, OM, CEC,
clay, and AEC) were spatially correlated in the score plot with the Catlin and Sunev soils, which
were also highly loaded in PC2. Note in particular that the most fertile Catlin and Sunev soils
were indicated as inversely related to the poorly fertile Smithdale and Ruston soils, which were
positively correlated with sand.

Kinetics of TNT Disappearance. Kinetic data for the disappearance of TNT in the different soil

9

suspensions are given in Figure 2. We attributed variations in TNT concentrations at t = 1 h to
initial sorption (See section A3, Figure A4, and Table A4 in Appendix) –the exception being the
saline-sodic Skumpah and Playas-Saltair soils where we attribute the immediate TNT
disappearance to alkaline hydrolytic reactions promoted by the high salt and/or high pH
conditions of those soils. The saline-sodic soils had the highest KD values, followed by the most
fertile to least fertile soils (See Table A4 in Appendix). In general, there was little sorption of
TNT to soil. Among the non-sodic soils, the calculated Ro values for the Catlin and Sunev soils
were approximately one order of magnitude greater than the Ruston, Smithdale, and Falaya soils
(Table 2). Thus, we attribute these trends in Ro values to the differences in the inherent fertility
of the soils. Measurements showing TOC consumed, CO2 evolved, and changes in inorganic N
species, PO4, and dissolved Fe and Mn concentrations (See Figures A5-A11 in Appendix) all
support our assumption that TNT was consumed (incidentally) by microbiological activity in the
non-saline-sodic soil suspensions. Thus, we hypothesize that level of microbiological activity
directly reflected the inherent soil fertility. More information about reactor nutrient
concentrations can be found in section A4 of the appendix.

Soil Fertility Relationships to TNT Degradation Rates. Partial least squares (PLS) analysis
was used to determine the most influential soil fertility variables in predicting TNT degradation
rates in the batch experiments. PLS created a strongly validated, highly correlated model (R2 =
0.92, Figure 3) explaining 97% of the variance in the data with two factors. In the PLS, soil types
and soil fertility parameters decomposed similarly to the PCA, with variables associated with the
saline-sodic soils and typical fertility characteristics highly loaded into factors 1 and 2,
respectively (Figure 4a-b). Calculated TNT Degradation rates (Ro) were highly loaded in factor
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1, with the most statistically important variables being EC, K, and Na, which were attributed to
the characteristics of the sodic soils, except Mn, which was inversely related to Ro because of the
high levels in the soils from the Southeast U.S. Plotting observed rate constant versus the
predicted rate constant for each soil shows good correlation with an r2 of 0.92 (Figure 5).

Statistical results suggest strong relationships; however, the high correlation is likely a product of
the fragmented data set. The extreme properties of the saline-sodic soils and the more typical
properties of the remaining soils essentially create two distinct groupings, without data for soils
with median parameters in the space between these groupings. This creates two points and as
there is little error when connecting two distant points, the result is a possibly inflated correlation
for this aspect of the statistical analysis.

The saline-sodic soils driving the statistical correlation had few indicators of microbial activity.
The slight decreases in TOC, and very little production of CO2, coupled with high sorption of
TNT and drastic decreases in TNT concentration within the first hour of degradation
experiments, led us to consider that disappearance was not associated to microbial degradation.
Because these soils had such a heavy influence on the PLS model and did not represent microbial
degradation, we then removed them from the next PLS model and analyzed only the five
remaining soils.

The PLS model created without the saline-sodic soils shows 100% of the variation was explained
with three significant factors (See Figure A12 in Appendix). Two factors explain 97% of the
variation. As the third component only increased explained variation by 3%, we determined to
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analyze this data using only factors 1 and 2. Unfortunately, validation was poor due to the
limited number of soils evaluated, but we found this statistical model to be encouraging as it
provides indications of how the details of the different fertility parameters may relate to TNT
degradation. This model is tentative and the validation is expected to increase with a larger
dataset.

The loading plot shows that many of the parameters remained loaded in the same factors as
previous analyses, while other relationships have been made apparent with the new PLS model
(Figure A13a). Salt concentration, pH, and other parameters associated with saline-sodic soils
continue to be loaded in factor 1; yet many of the properties that were formerly negatively loaded
in factor 2, were positively loaded in factor 1. Important additions include CEC, AEC, OM, N,
and clay. Soil parameters such as Na, S, and Cl were highly loaded in factor 2. Comparing this
with the associated score plot in Figure A13, we see that the Catlin and Sunev soils are now
highly loaded in factor 1 along with parameters designating high soil fertility in the loading plot.
The inverse relationship of the lower fertility soils in factor 1 is also apparent, particularly with
the Smithdale soil, as it is poorly loaded in factor 2. The Ruston and Falaya soils are highly
loaded in factor 2 with the Ruston soil having a positive relationship, and the Falaya soil having
a negative relationship.

Significant weighted coefficients driving these relationships are Ca, OM, and N (See Figure A14
in Appendix). These parameters are associated with the Sunev and Catlin soils, which were
initially designated to have higher fertility and predicted degradation potential. Figure A15 in the
Appendix shows the regression of observed and predicted degradation rates. Calibration r2 was
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0.71 and validation was poor. Because diagnostic statistics were somewhat inconclusive, we are
cautious to make strong conclusions based on this data, but there is promise in the direction this
analysis has elucidated.

DISCUSSION

Statistical analysis using PCA combined with classical soil fertility analysis was used to create
relative degradation potential predictions. Results show logical organization of soil parameters
considering known soil fertility relationships. The results of the PCA and PLS combined provide
a reasonable basis for categorizing the fertility status of the soils due to known soil fertility
concepts as they apply to Liebig’s Law of the Minimum. Significant parameters, OM, N, and Ca
are imperative to biological activity and are often the main remedies for increasing plant growth.
Organic matter and N are two of the most important soil properties and are frequently limiting
factors. Calcium not only represents a nutrient, but also other soil properties such as soil
weathering or pH, which are expected to be influential in soil fertility.

This study provides a foundation for continuing research regarding environmental fate of TNT
and supports the hypothesis that there is a relationship between soil fertility and biotic soil
degradation potential as well as abiotic. Microbial degradation was designated by decreases in
TOC concentration, increases in CO2 production, and general relationships exhibited in other
nutrient trends in the batch studies. This was further confirmed in the sorption studies, showing
little sorption of TNT to soils, excluding the saline-sodic and Sunev soils. With little TNT
sorption associated with the rest of the soils, we determined that TNT disappearance was
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attributed to microbial degradation for soils with evidence of nutrient concentration changes.
Further information regarding sorption can be found in section A3 of the Appendix. We
hypothesize that microbial activity was the cause of TNT disappearance for all soils excluding
the Playas-Saltair and Skumpah soils, for which disappearance can be attributed to sorption and
chemical reactions as described above. Further discussion about degradation rates and reactor
nutrient concentrations can be found in sections A5 and A6 of the Appendix, respectively. The
PLS model excluding these soils, thereby modeling only soils determined to be microbially
degrading TNT, found OM, N, and Ca by microbial activity to be significant in the prediction of
degradation rate. Considering soil nutrient analysis, the conclusion that these parameters could
be influential in limiting microbial activity is logical. Thus, we can drop all other parameters, and
with these three (Ca, N, and OM), create a reduced parameter model that explains 97% of the
variability in y (Ro) for these soils. Although the cross validation curves prevent definitive
conclusions, it is promising enough that with additional data, we may be able to (1) create a
definitive reduced parameter model and (2) create a prediction for TNT degradation for these
soils, and potentially across all soil types.

Correlations were suggested between TNT degradation and the fertility of the non-saline-sodic
soils when the influential Skumpah and Playas-Saltair soils were removed from the PLS analysis.
Although the statistical significance needs improvement, these trends are suggestive of microbial
degradation. This behavior is unique and warrants further investigation. The high correlation of
the statistical results also confirms the potential of important characteristics of these soils. It is
possible that the loading and score plots from the PLS model created, which includes these soils
(Figure 4a), could give us insight into the parameters causing these chemical reactions that are

14

producing such high rates of degradation. Significant parameters were determined to be EC, Na,
Ca, and Mn. We predict that the high sorption rates are also influenced by these parameters, or
by the saline-sodic properties in general. The purpose of this study was not to investigate abiotic
activity, but these results could lead to further discoveries regarding chemical behavior of TNT.

Although we have some clear results of potential relationships, there are restrictions to drawing
definitive meaning from these experimental outcomes. The small number of soil samples is
limiting, and further study must be conducted to determine definitive conclusions. The soil
characteristics of the Skumpah and Playas-Saltair soils were excessive and their behavior so
unique that they have the potential to suggest important abiotic factors influencing TNT
disappearance, which also warrants further investigation. Rapid degradation could be attributed
to one or many factors such as alkaline hydrolysis (32,33) increased sorption due to various soil
characteristics (11,34,35), or chemical degradation (36). Research regarding alkaline hydrolysis
has shown that pH values above 11 are optimal for effective TNT disappearance (13). Although
these soils exhibited pH levels below 9, alkaline hydrolysis seems a probable cause of the rapid
degradation, though it is possible that there are other chemical reactions that are driving
disappearance rates. This exploratory study measured many variables and by determining
potentially influential parameters in predicting degradation rate, we can now reduce future
measurements and data collection to these most important parameters, creating a more accurate
reduced model with time and continued study.

With this approach, we have the potential to utilize informatics to designate geographic and
climatic areas containing soils that contribute to higher TNT degradation potentials (and thus
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lower environmental persistence) based on soil geomorphology. We expect this capability to
contribute to ongoing cleanup projects, such as the Army’s FUDS programs, by providing an
improved predictive model toward the environmental persistence of munitions at defense sites.
Furthermore, our findings point to the potential of utilizing these informatics approaches toward
models that predict the environmental persistence of other organic pollutants in soil. Although
soil systems are complex, our results suggest which factors may be influential in predicting the
persistence of contaminants. We expect that further study, incorporating more soils and a more
focused method of soil selection, will help to create more definitive models. Further study that
includes larger numbers of soils representing particular taxonomic Orders, as well as fertilitybased factors, such as nutrient deficiencies or nutrient excesses, would also improve our
understanding of the intricate and refined nutrient relationships influencing degradation rates.
Our study makes it more feasible to study a large number of soils because research can focus on
a more limited number of parameters.

CONCLUSION

By comparing soil parameters and TNT degradation rates, we have successfully determined
possible main factors in predicting TNT degradation rates of different soils. Our results show
that there is indeed a fertility relationship that influences TNT degradation rate; and with more
samples and analyses we expect to improve statistical results and increase confidence in our
findings. This work creates the foundation for a new approach to TNT degradation in
contaminated soils, with the potential for application to a broad range of soils and organic
contaminants.
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TABLES
Table 1. Soil Analysis Methods Used to Classify and Categorize Soils
Analyte

Method; Analysis

pH
Texture
CECɑ
AECc
ECd
NO3
NH4
Total C and N
CaCO3g
OMh

1:1 water-soil solution (37)
Particle size analysis (38); hydrometer
Compulsive exchange (39); ICP-OESb
Compulsive exchange (40); ICP-OES
1:1 water-soil solution (41)
Cd reduction (29,30); flow injection analyzere
KCl extraction (42); flow injection analyzer
Combustion (43); total C and N analyzerf
Acid neutralization (44)
Modified Walkley-Black (45)

Bioavailable P
Bioavailable P
Bioavailable P
P fractionation
K, S, Ca, Mg, Na

Mehlich III (46); flow injection analyzer
Bray P1 (47); flow injection analyzer
Olsen/Bicarbonate (48); spectrophotometer
Inorganic P (49); ICP-OES
NH4OAc extraction (41); ICP-OES

Zn, Fe, Mn, Cu
DTPA (50), ICP-OES
B
Hot water extraction(51); ICP-OES
Cl
Ion chromatographyh(31)
b
ɑ
Cation exchange capacity. ICP-OES 7300, Perkin Elmer, Waltham, MA, USA. cAnion exchange capacity.
d
Electrical conductivity. eLachat Instruments, Loveland, CO, USA. fLeco® TruSpec® CN, St. Joseph, MI, USA.
g
Percent calcium carbonate. hPercent Organic matter. hDionex ICS 2100, Thermo Scientific Inc., Sunnyvale, CA,
USA.
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Table 2. Fitted Kinetic Parameters for TNT Degradation Based on Equation 1 (in body of
the paper)
Soil
TNTasym, mg L-1
TNT0, mg L-1
Ro, mg L-1 t
Adjusted r2
Catlin
Falaya
PlayasSaltair
Ruston
Skumpah
Smithdale
Sunev

8.82E-04±8.9E-04
0±6.3
3.67±0.11

20.00±0.14
20.74±6.2
16.32±0.51

0.114±0.030
0.011±0.0079
2.27±0.88

0.99965
0.90696
0.99331

9.81±0.95
3.27±0.31
4.40±2.3
7.56±2.5

10.04±1.0
16.73±0.33
15.38±2.3
11.75±2.6

0.0441±0.018
2.31±0.51
0.0368±0.015
0.102±0.054

0.94583
0.99793
0.93384
0.84205
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FIGURES

Figure 1. PCA Loading Plot (a) and Score Plot (b) for PC1 and PC2
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Figure 2. Measured TNT Concentrations Over 168 h of Incubation; Solid Line Represents the Data Fit to a Firstorder Rate Law (Equation 1)
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Figure 3. Variance Explained by PLS Model with Validation Model, Including All Soils Analyzed in the Study
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Figure 4. PLS Loading Plot (a) and Score Plot (b) for Factors 1 and 2
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Figure 5. Regression of Observed and Predicted Degradation Rate (Ro) from the PLS Model, r2 = 0.92
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APPENDIX
SECTION A1
INTRODUCTION
Environmental Contamination. The manufacture, handling, and disposal of explosives
can lead to contamination of the environment (1). The nitroaromatic molecule 2,4,6trinitrotoluene (TNT) is one of the most common munitions constituents (MC) used by
the Department of Defense (DoD). Elevated concentrations of this organic compound are
known to be toxic to mammals, algae, invertebrates, and fish (2,3,4,5). TNT exposures
are also linked to haptic and ocular disorders, anemia, dermatitis, and gastrointestinal
distress. TNT is listed as class C potential human carcinogen by the EPA (6,7). Lachance
et al. (8) also found TNT to be mutagenic in the Salmonella fluctuation test. These
hazards are particularly concerning considering the common persistence of this molecule,
as there continues to be remaining TNT contamination from past activities including
production, active military training sites, Formerly Used Defense Sites, and war (9,10).
However, there are many other sites where the TNT has been fully degraded by either
biotic and/or abiotic means.

As of 2011, there are 3,091 active defense installations and 767 Formerly Used Defense
Sites (FUDS) prioritized for cleanup. In 2011, DoD invested over $1.5 billion in the
cleanup of active installations and FUDS. As the program progresses, more easily
restored projects have been completed. Consequently, current and future sites are
characterized with high complexity and risk, amplifying the importance of efficient and
cost-effective cleanup strategies (11).
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There are many ways by which explosives enter the environment, including
manufacturing plants, and current and FUDS. Current and historic ordnance
manufacturing sites are often contaminated due to improper disposal of wastewater from
lagoons and filtration pits, in addition to recurring leakage and spillage (1). Explosive
remnants of war are also of concern, particularly due to the fact that these regions often
have preexisting economic and environmental issues (12). Normal operations at large
caliber firing ranges result in a portion of undetonated MC due to partial or failed
detonation (13). The cleanup of active defense installations is a complex task because the
DoD is committed to ensuring action to address threats to human health, public safety,
and the environment, while at the same time not disrupting military base activities.
Although FUDS do not have active military interests to consider when planning and
carrying out remediation projects, the FUDS program cleans up contamination generated
by the DoD that occurred before the transfer of the property to private owners or federal,
state, or local governments. As stated previously, many of the easily remediated sites
have been restored; therefore, remaining sites will require increased time, regulatory
involvement, and financial resources (11).

TNT Characteristics. The TNT molecule has a net charge of zero (nonionic) and
therefore, has relatively low water solubility (130 mg kg-1) and is expected to have
minimal interaction with charged surfaces of soil colloids (14). However, the electronegative nitro groups (-NO2) have a higher affinity for electrons, allowing for dipoledipole interactions. Within the bonds of the -NO2 functional group, the O2 molecule is
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more electronegative than the N, allowing for reduction of the -NO2 (15). This reduction
is the initial step by which the molecule is broken down.

Although the TNT molecule has a neutral charge, it exhibits some sorption to soil and
organic particles through hydrogen bonding and dipole-dipole interactions. Many
researchers have investigated the soil chemical characteristics influencing TNT sorption.
Soil sorption is largely influenced by soil organic matter (OM) content and clay
mineralogy (16,17,18,19,20). For clay, TNT sorption is influenced by exchangeable
cation composition (21). Homoionic clays containing only K or NH4 exhibited sorption
four orders of magnitude greater than clays containing Ca, Na, Mg, or Al (22).
Pennington and Patrick (17) found sorption was most closely related to extractable Fe,
cation exchange capacity (CEC), and clay than other soil parameters such as the fraction
of organic C, pH, electrical conductivity (EC), Ca, and Al.

TNT Degradation. Both biotic (12,23,24,25,26) and abiotic (27,28,29,30,31,32,33,34)
pathways by which this persistent contaminant is degraded have been studied and
defined. Under both conditions, degradation begins with the reduction of -NO2 to form
nitroso (-NO), hydroxylamino (-NHOH), and amino (-NH2) functional groups (12,26).
Therefore, initial products formed from TNT biotransformation are reduced amino
derivatives, such as 4-amino-2,6-dinitrotoluene and 2-amino-4,6-dinitrotoluene. After
reduction of the first -NO2 group, subsequent reduction of remaining -NO2 functional
groups requires a lower redox potential, due to more equal electron distribution of the
molecule and a lower oxidation state for -NO2 functional groups. Degradation occurs in
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varying degrees and produces various degradation products, rarely concluding with
cleavage of the aromatic ring, and often intermediates created can be more toxic than the
original TNT molecule (15,35,36).

Microbial Degradation. Research regarding influential factors of microbial degradation
has been conducted to investigate potential large-scale remediation strategies. Studies are
generally focused on determining degradation under anaerobic (37,36) or aerobic
(38,39,37,40) conditions only. Bradley and Chappelle (23) compared the effects of
anaerobic and aerobic conditions on microbial degradation and found that complex macro
conditions allowing for both anaerobic and aerobic microsites within the soil
environment led to increased degradation. This is due to the requirement of supporting an
entire community of microorganisms that have different functions and environmental
requirements to degrade TNT (23).

Microbial degradation has been found to be co-metabolic as well as a result of direct
consumption by microorganisms (23,41,40,39,39,42). Microorganisms have been shown
to metabolize MC, utilizing the N (43,23,44,45). Pathways include reduction of the -NO2
groups and often include the eventual release of nitrite (NO2-) (37,38). Although less
frequently, microorganisms have also been found to utilize C associated with the
molecule (46,47).

Abiotic Degradation. Abiotic degradation pathways naturally exist and are largely
influenced by soil and environmental properties. Photolysis is a major pathway for
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degradation of TNT for surface pollution. This can occur either by direct
phototransformation through an excited state, or an indirect transformation, by reacting
with another chemical in an excited state (28). Combining photolysis and microbial
degradation has been found to increase overall TNT degradation (48). Alkaline
hydrolysis has also been found to be a major pathway of TNT degradation, as the TNT
molecule is readily transformed at high pH, above 11 (33,34). Initial steps in alkaline
degradation include nucleophilic substitution of the -NO2 and methyl (-CH3) groups by
hydroxide (49). Further degradation depends on pH, temperature, and time of exposure to
alkaline conditions (34,50,51),

Current Methods Predicting Environmental Fate. Despite the known importance of
biotic and abiotic degradation in determining TNT fate in the soil, most predictions of the
environmental fate of dissolved TNT in the vadose zone are focused upon sorption and
typically obtained through combining water physical modeling and empirically
determined partitioning coefficients (KD).

KD describes the equilibrium of solutes between the water and solid (sorption) phases.
These values describing TNT sorption can be highly variable depending on soil
parameters. Determined KD values for the sorption of TNT to soil range from 2.3 to 11 L
kg-1 depending on environmental conditions and soil parameters, including quantity and
mineralogy of clay and quantity of organic matter (19). As mentioned previously,
exchangeable cations also have a large influence on sorption, with KD values ranging
from 1.7 L kg-1 for clays with a dominant cation of Al, Ca, Mg, or Na to 21,500 L kg-1 for
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clays with K or NH4 as the dominant cation (22). The high variance in KD values results
in high error in the determination of TNT fate in soils.

Despite the extensive research that has been conducted regarding TNT degradation and
its potential to be used as a remediation technique, incineration remains the most
effective and most common method (15,18). Although laboratory experiments have
isolated microorganisms capable of degrading TNT, it remains difficult to directly
connect the activities of these microorganisms to influences of environmental factors
(10). We are still unable to exploit the potential degradative capabilities of
microorganisms, as no in-situ microbial mineralization-based technologies exist (26).

Our research is focused on environmental parameters, particularly soil chemistry and
physical chemistry, which could be the limiting factor for in-situ microbial metabolism of
these pollutants. This study forms the basis for developing a new concept, connecting soil
nutrient status as defined by agricultural principles of soil fertility to degradation
potential of organic contaminants, such as TNT. We hypothesize that a soil’s greater
nutrient status will drive faster degradation kinetics and consequently, the shorter
persistence of TNT.

Agricultural Perspective. Justus von Liebig’s (1803–1873) Law of the Minimum
provides an important foundational theory for connecting nutrient	
  deficiencies	
  to	
  limits	
  
in	
  optimal	
  agricultural	
  crop	
  production	
  (52). Liebig’s	
  law states that maximum plant
growth is not determined necessarily by the concentration of all resources (such as
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nutrients, water, etc.), but by the	
  most	
  limiting of these resources. When investigating
plant growth deficiencies, scientists and practitioners seek to find this limiting resource,
such as water or nutrient availability, pH, excess salt concentration, OM, etc. This overall
analysis gives a broad perspective in order to properly diagnose the cause of decreased
growth.

Applying this approach to the microbial degradation of MC, one would expect that there
are threshold concentrations of nutrients and other soil properties that may distinguish
MC-‐degrading from non-degrading soils and, thus, directly impact soil microbial
activity. Considering incidental degradation of organic contaminants by soil
microorganisms in terms of Liebig’s law	
  (similar to a crop), introduces the possibility
that latent nutrient deficiencies in soils could result in less than optimal conditions for
maximum microbial activity. This theory has been investigated with major soil
components such as water, C, N, and P (53,54,55). Combinations of multiple nutrient
deficiencies are also possible, for example both C and N could be limiting factors
affecting microbial activity in the same soil (56). This idea has been considered in TNT
degradation, but has not been fully explored—with water, N, and C availability being	
  the	
  
most studied. This approach could shed new light on understanding how soil fertility
drives microbial degradation and potentially TNT residence time in soils.

TNT Biodegradation and Nutrient Availability. Studies have considered various
possible factors influencing degradation rate, such	
  as	
  the	
  effect of C additions. As
mentioned before, degradation could be nothing	
  more	
  than	
  incidental, resulting from
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general microbial activity or specifically	
  enhanced, with degradation resulting from
direct targeting	
  and	
  consumption	
  of	
  TNT. Fahrenfeld et al. (10) found that increased
degradation occurred with additions of lactate and ethanol as supplemental C sources.
Boopathy (40) compared TNT degradation rates between soils treated with two different
additions of C, namely, molasses and Tween 80 surfactant—finding that these C
containing molecules stimulated microbial metabolism of TNT. Both of these
conclusions imply that degradation was incidental and resulted from co-metabolic
processes.

Studies also showed that addition of N, which was expected to enhance TNT degradation,
actually reduced and delayed it (57). Potentially, TNT degradation could be more
correlated to C availability than N. It also is possible that there is a positive relationship
with C availability and an inverse relationship with N availability, as the TNT compound
contains N. When present, easily degradable N	
  sources could preclude	
  TNT degradation,
as there would be no need for microorganisms to break down the more	
  recalcitrant TNT
molecule.

Traditional environmental soil microbiology and chemistry methods do not account for
natural variations in soil nutrients (beyond C and N), which we argue may enhance our
ability to predict the environmental persistence of contaminants, as well as contribute
knowledge toward the proper management and remediation of contaminated sites (14).
Agricultural methods have been able to exploit environmental and plant capability to
optimize yield and overcome environmental limitations through fertilizers and watering
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schedules. This has revolutionized the way we cultivate and promote the growth of
desired vegetation. We are implementing this same method with an overall goal of
finding the limiting factor that is preventing the optimal growth of desired
microorganisms, in this case, those that degrade TNT.

Investigating the environmental fate of MC from the perspective of agronomic soil
fertility could potentially aid in better determining the principal limiting factors
controlling the environmental persistence of MC. The main purpose of this study was to
investigate our hypothesis that soil fertility relationships could be used as predictors of
degradation kinetics in soil. Furthermore, we investigated the potential to correlate soil
fertility influence on MC degradation kinetics across taxonomically distinct soil orders, in
order to establish the theoretical feasibility for interpolating MC persistence for untested
sites.
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Figure A1. Map of Soil Locations
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Figure A2. Depiction of the Reactor System
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Table A1. Measured Soil Parameters Indicating Soil Fertility
Soil
Catlin
Falaya
Playas-Saltair Ruston

Skumpah

Smithdale

Sunev
sandy clay
loam
55
20
25
7.2
26
2.0
0.4
5.73
0.13
18
3.0
0.14
4.3
36
0.9
5.5

Texture

clay loam

loam

silt loam

loamy sand clay loam

silt loam

sandɑ
siltb
clayc
pH
CEC meq 100g-1
AEC meq 100g-1
EC mmho cm-1
CaCO3

21
52
27
7.0
24
0.54
0.3
2.87
0.65
4.0
4.0
0.30
2.7
25
1.3
4.3

29
44
27
5.4
8.0
0.58
0.1
0.00
0.47
4.0
4.0
0.23
1.7
9.4
0.5
2.0

33
60
7
8.0
11
0.74
30
60.3
190
6.0
1.0
0.17
0.7
27
54
2.2

79
16
5
5.0
1.7
0.63
0.3
0.00
2.7
0.0
2.0
0.11
0.8
2.1
0.6
0.20

39
50
11
4.9
4.1
0.41
0.0
0.00
0.58
0.0
3.0
0.13
1.4
2.9
0.1
0.32

SARd
NO3 mg kg-1
NH4 mg kg-1
Ne
OM
PBCK
PBCP
PBCNH4

29
44
27
8.5
11
0.50
1
47.1
33
4.0
1.0
0.13
1.2
11
2.1
5.9

Percent	
  sand.	
  bPercent	
  silt.	
  cPercent	
  clay.	
  dSodium	
  adsorption	
  ratio.	
  eTotal	
  Percent	
  N.

ɑ
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Table A2. Phosphorus Fractionation and Bioavailable P
Soil
Catlin
Falaya
PlayasRuston
Skumpah
Saltair
Ca-Pɑ
16
40
290
2.1
450
mg kg-1
Reductant soluble P
7.8
8.9
28
21
53
mg kg-1
Soluble, loosely-bound,
37
5.2
Al-bound P
mg kg-1
Soluble, loosely-bound
17
5.1
2.9
P mg kg-1
Al-Pb
38
28
3.0
mg kg-1
Fe-Pc
130
120
16
mg kg-1
Bray P1 P
9.0
15
9.0
3.0
9.0
mg kg-1
Mehlich P
10
31
14
2.0
51
mg kg -1
Bicarb-Pd
8.0
19
16
3.0
13
mg kg-1
ɑ
Calcium-‐bound	
  P.	
  bAluminum-‐bound	
  P.	
  cIron-‐bound	
  P.	
  dBicarbonate	
  P.	
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Smithdale

Sunev

1.9

230

0.20

88
2.5

1.0
11
17
3.0

0.0

2.0

47

2.0

24

Table A3. Soil Nutrient Availability Estimates for Ions
Soil
Catlin
Falaya
Playas-Saltair
-1

K mg kg
S mg kg-1
Ca mg kg-1
Mg mg kg-1
Na mg kg-1
Mn mg kg-1
Cu mg kg-1
Zn mg kg-1
Cl- mg kg-1
Fe mg kg-1
B mg kg-1

76
11
2370
339
24
4.0
0.9
2
30
23
0.7

36
6
728
196
10
22
1
1
2.0
120
0.1

1100
10000
12300
697
17000
2.0
1
0.3
24000
3.0
3
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Ruston

Skumpah

Smithdale

Sunev

30
33
633
44.0
51
13
4
0.4
600
12
0.2

890
160
3600
218
1500
4.0
0.6
0.3
370
6.0
5

24
11
123
24.0
5.0
5.0
0.3
0.3
3.0
26
0.0

420
12
5350
191
7.0
9.0
0.8
2
6.0
16
0.7

SECTION A2
Analysis of Soil Parameters
Cation Exchange Capacity. One of the most telling indicators of soil fertility potential is
CEC. Mineral soils typically range from near zero for soils that have low clay and OM
concentrations (often sandy and highly oxidized) to above 40 meq 100 g-1 in soils with
relatively high amounts of clay and/or OM (58). The soils in this study exhibit a range of
CEC values between 1 and 26 meq 100 g-1 (Table A1). No soil in our study is on the very
high end of commonly observed CEC values for soils, but we would consider our highest
observed values to be moderately high. The Playas-Saltair and Skumpah soils have a
moderately low CEC and the Falaya, Memphis, Smithdale, and Ruston are low—with
Ruston having near zero CEC resulting in almost no water and nutrient holding capacity
for this very infertile soil. In our studies, water was not allowed to be a limiting factor,
but we acknowledge that this could be a confounding effect under actual field conditions.

Organic Matter and Clay. Soil OM is important because of its influential role in
increasing CEC and thus, water and nutrient holding capacity. It is also an important
indicator of microbial activity—as it can act both as a substrate and product of microbial
activity. Because of this heavy influence on soil condition, it is often used as a main
indicator of overall soil fertility. Clay is not a substrate for microbes, but is also very
influential because it and OM are the primary contributors to CEC. Based on
observations of many thousands of soil samples from a variety of global locations and
analyzed by the Brigham Young University Environmental Analytical Laboratory (BYU
EAL, Provo, Utah, USA), a majority of soils have OM between 1 and 7%. The range for
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clay is much wider, with values from 8-92% commonly observed. Obviously, soils exist
outside of these ranges, but the soils in this study have relatively low levels of clay and
OM, with ranges of 5-27% and 0.2-4%, respectively. There is a high correlation between
these parameters with r2 values of 0.66, 0.61, and 0.42 for CEC vs. OM, CEC vs. clay,
and OM vs. clay, respectively. The ranking from high to low for CEC and OM is nearly
identical. The Sunev and Catlin have moderately high OM and CEC, followed by PlayasSaltair and Skumpah, with the rest of the soils very low (Table A1). The rankings for
CEC and clay content followed a similar pattern.

Nitrogen. Based on data from the BYU EAL, approximately 5% of OM is N and this
nutrient is the most common deficiency for plants and is often a controlling factor for
microbial populations and activity. Not surprisingly, there is a strong correlation (r2 =
0.68) between OM and total N for the soils in our study (Table A1). As is common, the
vast majority of the N in these soils is in the organic fraction. Inorganic N (Table A1) was
found to be in the typical range and the values are very low when compared to organic
form (total N ranged from 0.11 to 0.30% or 1100-3000 mg kg-1 with inorganic forms
found at a maximum of 21 mg kg-1—with organic N being the large majority of the total
as is typical). As such, the relative ranking of the soils in terms of N supply from slowly
decomposing OM (estimated at 5% of the total amount of OM annually for most soils)
also follows the patterns described above for CEC, OM, and clay content.

Potential Buffering Capacity of N, P, and K. As CEC is a main influence in determining
availability of nutrients, there is high correlation between PBCNPK. As bioavailable K is
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found on the cation exchange complex, it is not surprising that K is highly correlated with
CEC (r2 = 0.74). The relationship between PBCK and CEC is repeated in the relationship
between PBCNH4 and CEC, although with a weaker correlation (r2 = 0.46). Again, this is
logical because NH4 is a cation associated with CEC, but it is more transient in nature as
part of the N cycle—rapidly converting to NO3 under normal soil conditions and
constantly being resupplied when soil temperatures are conducive to microbial driven
mineralization of OM. In contrast, there is no relationship between PBCP and CEC (r2 =
0.002). However, with removal of the atypical Playas-Saltair and Skumpah soils with
extreme saline-sodic conditions and very high Ca bound P values (Table A2), the r2 value
increases to 0.72.

The PBCK values that correlate so well with CEC also follow the same assessment of
fertility, which is to be expected as the same processes and pathways can be assumed to
control the two. The PBCP values also follow a similar pattern of fertility, although less
correlated with CEC when the Playas-Saltair and Skumpah soils are included in the
analysis. Although PBCNH4 values don’t seem to follow the same pattern of fertility as the
other PBC values determined in this study, they are still somewhat correlated with CEC.
These relationships further show the influence of CEC on availability of nutrients.

Soil pH and Phosphorus. The soil pH is highly influential for soil biology and chemistry,
with solubility of many elements strongly impacted as deviation from neutral pH occurs.
The pH is not strongly correlated with CEC, clay, and OM values (r2 < 0.2), although
they are all interrelated. Coincidentally, the soils with highest fertility ranking, Catlin and
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Sunev, also have the most neutral pH (Table A1). However, value should not be
attributed to this coincidence, as there are many highly fertile soils around the world with
acid or alkaline properties. The soils with low fertility potential are acidic (Falaya,
Ruston, and Smithdale) and have the potential of Al and/or Mn toxicity, as their pH
values are less than 5.5 where solubility of these elements drastically increases.
Concentrations above 0.5-1 mg kg-1 Al and 40-50 mg kg-1 Mn have potential to decrease
yield in plants. The Falaya, Ruston, and Smithdale soils have Al toxicity issues and the
Falaya and Ruston soils have relatively high Mn, but probably not at a toxic level. In
addition to toxicities, acid soils may also result in reduced solubility and, thus,
bioavailability of P and Mo. Molybdenum bioavailability was not determined in this
study but, for P, the Ruston and Smithsdale have very low P bioavailability as measured
by all three extractants used in this study (Table A2). In contrast, the acidic Falaya soil
has relatively high bioavailable P concentration by all measures (Table A2). The
Memphis, Playas-Saltair, and Skumpah soils are alkaline. The primary negative impact
for organisms growing in alkaline soils is solubility of various nutrients. As with acid
soils, P availability is reduced in alkaline soils as compared to neutral pH. The
bicarbonate extraction is the most reliable predictor of bioavailability in alkaline soils
(especially when calcareous). However, only the Memphis soil is low, and it is not
extreme in its deficiency. These soils are similar to the neutral pH Sunev and Caitlin soils
in terms of P bioavailability.

Soil P Fractionation. Availability of P has already been discussed as a function of pH;
however, the fractionation of the P can also be important in determining availability and
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understanding nutrient processes within the soil. Phosphorus fractionation shows overall
soil P, and how it is fractioned in different chemical conditions within the soil. The low
concentrations of P in the Smithdale and Ruston soils are apparent. Not surprisingly, P
fractionation shows that much of the P in the acid soils is Al and Fe bound, and in the
alkaline soils P is found mostly as Ca bound P (Ca-P)—further explaining the low P
availability in many of these soils.

Salinity-Sodicity. As mentioned previously, the Playas-Saltair and Skumpah soils have
excessively high concentrations of salts, particularly Na (Table A3). This results in a
sodic classification with values for exchangeable Na percentage (ESP) and sodium
adsorption ratio (SAR) far above the accepted critical levels of 15% and 12, respectively.
The generally accepted critical level for salts is 4 dS m-1 and, therefore, both soils are
also classified as saline. The combination of the two conditions results in both soils being
classified as saline-sodic, although the Playas-Saltair is much more extreme than
Skumpah. Not surprisingly, the Playas-Saltair soil had no living organisms detected when
it was sampled, but the Skumpah had a modicum of salt tolerant plants growing in some
spots in the landscape. Microbial activity is likely similarly impacted as discussed below.
These saline-sodic conditions become the primary drivers in physical, chemical, and
biological properties of these two soils.

Other Nutrients. Other trends among the soils are also noteworthy as they may impact
microbial degradation. Several soils have very high concentrations of some nutrients, but
this likely does not have a toxic impact unless noted. For example, the Playas-Saltair soil
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has excessively high carbonates, S, Cl-, Ca, Mg (Tables A1 and A3), which is not
surprising given its level of salt accumulation. The combination of these salt components
is important for the behavior of this soil, but the individual elements at high levels could
also be important in other ways. This was previously discussed with Na, but the others
could be an issue as well—for example, Cl- toxicity is likely for plants and possible for
microbes as well. It is doubtful that the other nutrients are toxic as individual ions, but
their contribution to salinity is their main impact on these soils.

At the other extreme, the Smithdale soil has a very low Ca concentration—to the point
that Ca would most likely be deficient in plants grown in this soil. The same would be
true for Mg in this soil, as well as the Ruston soil (Table A3). The Smithdale, Ruston,
Memphis, and Falaya soils have low bioavailability of K. As has been mentioned
previously, high pH impacts the solubility of many nutrients. The solubility of P at high
pH has already been discussed, but it is important to note that Fe, Zn, Mn, and Cu are
similarly poorly soluble at alkaline pH. Not surprisingly, this trend for lower availability
of these nutrients is observed in the alkaline soils in our study. Unlike P, the solubility of
these metal micronutrients increases as pH declines into the acidic region. However, the
poor fertility potential of some of these soils overrides this general trend. For example,
the Zn is low for both the Ruston and Smithdale soils and Mn and Cu are low for
Smithdale. The availability of B is generally opposite that of the other nutrients discussed
in this paragraph and, indeed, the alkaline soils are high and the neutral and acid pH soils
are very low and possibly deficient. Plants would most likely be impacted by these
nutrient deficiencies. Microbial degradation may also be impacted, but it is noted once
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again that microbes are relatively more efficient at nutrient acquisition than are plants and
the effect is not certain.
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Figure A3. Variance Explained by PCA Model
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SECTION A3
TNT Sorption. Figure A4 shows that TNT sorption was generally well-described by the
linear sorption model, with the highest KD values obtained for the saline-sodic soils,
followed by the most fertile to least fertile soils (Table A4). We attribute the high KD
values in the saline-sodic soils to alkaline hydrolysis of TNT. The KD values for the
fertile soils exceeded that of the poorly fertile soils, due to their higher OM and CEC
values (14).
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Figure A4. Sorption Isotherms for TNT on the Different Soils; Solid lines represent the fit using the linear
sorption model

51	
  

Table A4. Fitted Parameters for TNT Sorption Data
Soil
Smithdale
Catlin
PlayasSaltair
Skumpah
Ruston
Falaya
Sunev

Intercept
5.34±1.49
17.3±5.09

Slope
0.559±0.0814
4.61±0.425

19.8±7.87
19.8±6.29
2.01±1.26
7.51±2.62
12.6±12.0

60.7±3.76
19.2±1.20
0.287±0.0704
2.66±0.200
15.5±1.80

Adj. r2
0.73
0.87
0.94
0.94
0.48
0.91
0.81
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Figure A5. Change in TOC Concentrations Over Time for All Soils
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Figure A6. Concentration Change in CO2 Over Time for All Soils
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Figure A7. Concentration Change in NO3 for All Soils
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Figure A8. Concentration Change in NH3 for All Soils
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Figure A9. Change in Concentration of PO4 for All Soils
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Figure A10. Concentration Change in Fe for All Soils
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Figure A11. Concentration Change in Mn for All Soils
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SECTION A4
Results of Reactor Nutrient Concentrations. Trends in nutrient concentrations within
the batch reactors were generally indicative of microbial activity in the reactor system,
although distinct nutrient relationships that occur across all soils are difficult to ascertain.
We focused our analysis on parameters we determined to be most connected to microbial
activity. They included NH3, NO3, PO4, Fe, Mn, TOC, and CO2. Consistent major trends
in these parameters aside from TOC and CO2 were not clear in the data, but general
trends exhibited by most soils seem to indicate microbial activity (Figures A5-A11).
Concentrations of NH3, NO3, and PO4 generally decreased. Fe also decreased over time,
while Mn concentrations increased, seemingly with an inverse relationship, potentially
attributed to oxidation-reduction reactions or potential reduction reactions within the
batch reactors. Overall, most nutrients were consumed with the exception of Mn. We
found TOC and CO2 concentrations to be most descriptive of the microbial activity.

The data clearly shows that TOC was consumed. Figure A5 shows the change in TOC
over time for each of the soils, indicating microbial activity. The increased activity for the
high fertility soils is most apparent in the Sunev and Catlin soils with decreases of 201
and 132 mg kg-1, respectively. The Smithdale soil follows with a decrease of 45.7 mg kg1

, and the Ruston and Falaya soils decrease by 35.0 and 18.7 mg kg-1, respectively.

Finally we see almost no change in the Playas-Saltair and Skumpah soils with decreases
of 2.8 and 0.5 mg kg-1. This order follows the fertility analysis and predicted TNT
degradation potential.
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Data obtained from CO2 analysis was plotted against time (Figure A6). Trends and
patterns in CO2 evolution of the different soils varied greatly, but in general, soils with
larger decreases in TOC concentrations had increased CO2 concentrations. Comparing
CO2 evolution with TNT degradation shows that there is an inverse relationship (Figures
2 and A6), with the magnitude of CO2 evolution increasing with increased degradation.
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Figure A12. Variance Explained by PLS Models with Validation Model Excluding Saline-sodic Soils
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Figure A13. PLS Loading Plot (a) and Score Plot (b) for Principal Components 1 and 2 Excluding Salinesodic Soils
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Figure A14. Weighted Regression Coefficients From the PLS Model Excluding Saline-sodic Soils
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Figure A15. Regression of Observed and Predicted Degradation Rate of PLS Model Excluding Saline-sodic
Soils, R2 = 0.71
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SECTION A5
Comparison of Degradation Rate Coefficients. To analyze relative degradation
behavior, the soils were organized into three groups based on similar degradation
response. The Skumpah and Playas-Saltair soils behaved similarly, with rapid TNT
disappearance within the first hour of the incubation time period, and their degradation
rates were almost identical (Figure 2). The Sunev and Catlin soils also have a relatively
high rate of degradation, but drastically lower than the Skumpah and Playas-Saltair soils.
The remaining three soils behave similarly with lower degradation rates; however, the
Falaya soil exhibited fairly unique degradation behavior with very slow, nearly linear
degradation over time as compared to a more rapid initial degradation rate with a gradual
slowing over time exhibited by all of the other non-saline-sodic soils.

The rapid disappearance of TNT within the first hour of incubation, the lack of nutrient
data suggesting microbial activity, and the high sorption rates all suggest that degradation
did not occur biologically in the Playas-Saltair and Skumpah soils. As discussed
previously, these soils both have toxicities limiting vegetative growth and, presumably,
microbial growth. Rapid degradation could be attributed to one or many factors such as
alkaline hydrolysis (33,34) increased sorption due to various soil characteristics
(22,17,59), or chemical degradation (60). Absence of biologic activity was expected in
the soil fertility assessment and degradation potential prediction. However, high
disappearance of TNT was not predicted.
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The Sunev and Catlin soils have similar overall rates of degradation, but as seen in Figure
2, their behaviors are somewhat distinct. The Catlin soil has a more rapid initial decline,
while the Sunev soil has a more constant, linear degradation trend. These soils were
predicted to have the highest microbial degradation rate, which was seen in the data.

The remaining soils generally behaved as predicted, with a slower rate than the Sunev
and Catlin, but the order of degradation rate for these three soils was different than
predicted. The Ruston soil, originally predicted to have the slowest rate of all the soils,
proved to have the highest rate of these lower fertility soils; while the Falaya soil had the
slowest rate overall, yet was originally predicted to have the highest degradation rate of
these three soils. We see no apparent reason for this possible difference, as the Ruston
soil was determined to have many potential deficiencies such as P, OM, Mg, and other
soil parameters (Tables A1-A3), while the Falaya soil seems relatively more fertile by
nearly every measure except extractable SO4 and Cl- concentrations (Table A3). Further
work needs to be done to determine if there is a fertility relationship, or if these results
are due to natural error.

Although it is helpful to categorize these soils by overall degradation rate and general
response, there are remaining differences seen in initial degradation that are not described
by this analysis. Initial rate was estimated, yet was not found to be helpful in describing
this distinction between soils, as it was highly associated with overall degradation rate
and did not provide a new perspective of the data. Many studies have investigated the
effect of soil characteristics on TNT sorption and possible parameters affecting sorption
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for these soils are K or Ca concentrations (22), OM or pH (61), texture and/or clay
classification (17), and soil classification (59). Sorption studies were done in an effort to
explain the initial behavior. A positive relationship between initial behavior and sorption
for the saline-sodic soils was found, but relationships were not apparent for the other
soils. We conclude that differences in initial rate are due to microbial activity except in
the case of the saline-sodic soils, which we attribute to a combination of factors including
TNT sorption, alkaline hydrolysis, and the effect of excessive salt concentrations.
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SECTION A6
Discussion of Reactor Nutrient Concentrations. As mentioned before, trends in most
nutrient concentrations (Figures A5-A11) during degradation experiments were found to
be highly variable among all soils, yet strong relationships exist between degradation
rate, TOC consumption (Figure A5), and CO2 production (Figure A6). Decrease of TOC
concentration with increased production of CO2 shows that there is a relationship
suggesting microbial activity. Comparison with TNT degradation shows that there is a
general positive relationship with the magnitude of CO2 evolution increasing with
increased degradation, and an inverse relationship with TOC, as concentrations generally
decrease with increased degradation. This implies that CO2 and TOC together can be
used as an indicator of microbial degradation, distinguishing biological and abiotic
degradation. The Ruston and Falaya soils deviate from these comparisons, but the
existing relationships are still important indicators.

Analysis of trends in NH3, NO3-, PO4-, Fe, and Mn showed even less consistency across
soils. Some soils exhibited distinct trends with definite change over time, while others
had little change in nutrient concentration; but relationships were still considered. Figures
A5-A11 show that the saline-sodic soils have low change in nutrient concentration. Other
soils show a range in change of nutrient concentration, indicating a range of microbial
activity, but no definitive relationships.

The soils exhibiting distinct TOC and CO2 trends with definite change over time were
considered to have higher microbial activity, and therefore, were also considered to
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microbially degrade the TNT. With this presumption, the Sunev had the highest microbial
activity, then the Catlin, Smithdale, Ruston, and finally, the Falaya soil, based on TOC
and confirmed with CO2 trends, except for the Falaya soil, which had very high CO2
production but little TOC consumption. This analysis does not correspond perfectly with
degradation rates, but follows closely. The Playas-Saltair and Skumpah soils exhibited
little change in nutrient concentration, indicating little microbial activity; and chemical or
physical means were attributed to disappearance of TNT. It is possible that TNT
disappearance could be attributed to abiotic degradation in other soils as well, but given
the collected data, we do not have a way to fully analyze whether abiotic reactions are
occurring in soils that are also high in microbial activity. Given the strong relationships
described above with TOC, CO2, sorption, and degradation rate, we feel confident in
assuming abiotic degradation was negligible in soils that were microbially active.
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